Abstract-This paper presents a low-power wireless strain sensor that can be remotely powered by a light source and can be dynamically interrogated with a low-cost wireless interrogator. Based on a conventional thin-film strain gauge, the wireless sensor is capable of measuring both static and vibration deformations. The low-power wireless operation was achieved via amplitude modulation of the antenna backscattering using a high-frequency oscillatory signal, whose frequency is controlled by the low-frequency strain signal. The wireless strain sensor can be powered continuously by harvesting the energy supplied from a remote light source using a small solar panel. A microprocessor-based wireless interrogator was developed to recover the strain information from the wirelessly received signals dynamically. The implementation and characterization of the wireless strain sensor and wireless interrogator are presented.
to roughly $40 billion each year for the world's airlines, typically accounts for 10 to 20 percent of the Direct Operating Cost (DOC) of these companies [5] . It was estimated that this part of the DOC can be reduced by as much as 50 to 80 percent if adequate SHM technologies and management systems are implemented [6] . Similarly, the expanding civil infrastructures, which account for about 10 to 15 percent of the Gross Domestic Product (GDP) in industrialized nations, also demand ongoing maintenance [7] . These key cost drivers clearly indicate the high demand of reliable and economical SHM systems to support efficient operation and maintenance of civil and aerospace infrastructures.
Vibration monitoring is an indispensable component of many SHM systems [3] . Vibration, i.e. the repetitive motion of the structure, subjects the structure to time-varying dynamic stresses and thus is the main cause of structural fatigue [8] . Therefore, tracking the vibration load is of paramount importance for reliable fatigue life prediction. Moreover, many SHM schemes rely on the modal analysis of vibration signals for the detection of various damage such as crack, bolt loosening, etc. [3] . In general, vibration monitoring can be carried out by measuring acceleration, velocity, or displacement using vibration sensors. One of the most commonly used vibration sensors is the accelerometer, which measures the acceleration forces on a body. Almost all accelerometers are seismic based transducers consisting of a spring-mass system [9] , [10] . As such, these transducers are typically large, heavy, and have a short service life [10] . Even though new sensing concepts that do not require a spring-mass system, such as the one published in [11] , have been demonstrated, the transition of these new sensors from laboratory development to field uses may take a long time. Similarly, most velocity transducers are seismic based transducers as well and thus they share the same drawbacks as the accelerometer [10] . One exception is the laser vibrometer, which is a relatively new technology that uses the optical Doppler shift to measure the velocity [12] [13] [14] . As a non-contact measurement technique, a laser vibrometer is capable of providing two-dimensional (2D) velocity profile over a large area with a fine spatial resolution and a large frequency range [14] . However, a laser vibrometer is quite bulky, expensive, and complicated to set up. Compared to acceleration and velocity, a displacement can be measured using many different techniques, such as machine vision, electromagnetic sensors, capacitive sensors, optical fiber sensors, piezoelectric sensors, piezoresistive sensors, etc. [10] . In general, displacement sensors can be categorized as being contact or non-contact. Contact displacement sensors, such as the Linear Variable Differential Transducer (LVDT), require the direct contact between the transducer and the structure. These sensors have relatively low cost, are robust, and have long service life. Non-contact displacement measurement techniques are usually optical-based. For example, high-speed cameras can be used to measure complex vibration motion. However, most of these vision-based techniques are limited to large displacements (usually greater than 0.1 in) and low frequency vibrations.
The conventional metallic foil strain gauge, which measures the deformation of the structure, is a special type of contact displacement sensor. Its small size, negligible mass, low profile, and the capability of conforming and rigidly attaching to the structure surface make the foil strain gauge an attractive sensor for SHM applications [15] , [16] . Since a strain gauge can measure vibrations down to zero hertz, it enables both static strain and dynamic vibration measurements at the same time. Additionally, the versatile configurations allow the strain gauge to measure axial and bending strains directly as well as to infer torque, load, pressure, and acceleration from the measured strains [17] . One shortcoming of the strain gauge is its requirement for wires that connect each individual strain gauge to a centralized data acquisition device. Not only does the wiring increase the maintenance difficulty and costs, but it also limits the sensor density and spatial resolution. Replacing the electric wires with wireless communication channels, strain gauge based wireless sensors retain the advantages of the strain gauges while offering unique advantages such as installation flexibility, weight reduction, sensor density improvement, and wire-free maintenance [15] [16] [17] . However, a typical wireless sensor requires on-board batteries to support its operation. The weight of the batteries not only limits the sensor density but also adds mass, which is undesirable for weight sensitive aerospace structures and could change the dynamic characteristics of the structure. In addition, replacing tens or hundreds of batteries also introduces additional maintenance complexities. Even though energy harvesting techniques have been under extensive research [18] [19] [20] [21] , the energy harvested from ambient sources, in most cases, is not sufficient to power conventional wireless sensors continuously, due to their large power consumption of more than 50 mW.
To eliminate the battery from the wireless sensor nodes, other wireless communication techniques have been considered. For example, wireless vibration sensors using the frequency modulation (FM) technique have been demonstrated [22] , [23] . Instead of performing the analogto-digital conversation (ADC) at the wireless sensor node, the FM-based wireless sensor converts the analog vibration signal to a frequency-modulated signal for direct wireless transmission. As such, the power consumption of the wireless sensors is reduced. The power reduction, on the other hand, is not substantial since the FM-based wireless sensors still require an on-board FM transmitter. Passive wireless vibration sensor, i.e. wireless vibration sensor that do not consume any power, have been demonstrated based on the Surface Acoustic Wave (SAW) technology [24] , the harmonic backscatter approach [25] , and the antenna sensor technology [26] . These approaches, however, require specialized sensors that are likely to be more expensive than the thin film strain gauges.
Besides, the acceptance of these specialized vibration sensors by industry has not been proven yet. In contrast, thin film strain gauges are one of the most common sensors used by industry.
Previously, we have demonstrated a strain gauge based wireless sensor that can provide reliable and continuous static strain measurements with a power consumption of around 10 mW [27] . The system consists of a wireless sensor node and a wireless interrogator. At the wireless sensor node, the static strain signal was converted to a high frequency oscillatory signal whose frequency is directly proportional to the strain signal. This oscillatory signal was then up-converted to a microwave signal using a frequency mixer for direct wireless transmission. As such, the wireless sensor node does not need a radio on board and thus can be operated at a low power consumption. At the wireless interrogator, the wirelessly received signal was down-converted to retrieve the oscillatory signal and its frequency was calculated using the Fast Fourier Transformation (FFT). Due to the FFT operation, the sampling rate of the published system was rather low, which limits its application to static strain sensing. In this paper, we present the improvements of the published system for wireless vibration sensing. First, an impendence switching mechanism was introduced to amplitude modulate the interrogation signal with the oscillatory signal and thus achieved unpowered wireless transmission via antenna backscattering. As such, the number of the sensor antennas is reduced from two to one. Since the antenna is the largest component of the entire wireless sensor node, the size of the wireless sensor is significantly reduced. The single antenna configuration also loosens the alignment restriction between the sensor antenna and the interrogation antenna, which makes the system more flexible to operate. Secondly, the signal conditioning amplifier at the wireless sensor node was redesigned to accommodate both the positive and negative portions of the vibration signals. Last but not least, the frequency of the demodulated oscillatory signal was dynamically detected using a microprocessor enabled frequency counter. The frequency counter also reduces the required sampling rate of the data acquisition device, leading to a low-cost wireless interrogation unit.
II. PRINCIPLE OF OPERATION
The low-power wireless vibration system, as shown in Figure 1 , consists of a wireless vibration sensor node and a wireless interrogator placed at a distance from the sensor node. Mechanical vibration is characterized as the strain variations measured by a conventional foil strain gauge. In order to achieve low power wireless transmission of the strain signal, a signal conditioning circuit is introduced to convert the low-frequency strain signals to a high frequency oscillatory signal whose frequency f ε is directly controlled by the strain gauge output. As such, antenna backscattering can be exploited for wireless transmission of this oscillatory signal with zero power consumption. The sensor antenna, which receives the interrogation signal broadcasted by the wireless interrogator, is connected to a 50 resistor via an impedance switch. When the impedance switch is on, the sensor antenna is connected to the 50 resistor. Since the received antenna signal will be mostly dissipated by the 50 resistor, very little energy will be reflected back and re-radiated by the sensor antenna. On the other hand, turning the switch off disconnects the sensor antenna from the 50 resistor and thus terminates the sensor antenna with an open load. As such, all of the received signal will be reflected at the open load and re-radiated by the sensor antenna, resulting in a large antenna backscattering. Controlling the impedance switch using the oscillatory signal f ε can then encode the frequency of the oscillatory signal in the amplitude modulation of the antenna backscattered signal. Due to this modulation, the backscattered sensing signal has a frequency component of f i ± f ε . Once received by the wireless interrogator, the backscattered antenna signal f i ± f ε is passed through a homodyne receiver to recover the oscillatory signal f ε , which is then input into a frequency counter that can determine the frequency of the oscillatory signal at a relatively high speed. Since f ε is directly proportional to the strain experienced by the foil strain gauge, dynamic demodulation of the strain gauge output from the backscattered antenna signals can be achieved.
III. HARDWARE IMPLEMENTATION

A. Wireless Vibration Sensor Node
The circuit diagram of the wireless sensor node is shown in Figure 2(a) . Compared to the wireless strain sensor node described in [27] , two major modifications were made and are highlighted in the shaded boxes of Figure 2(a) . First, in order to preserve the negative portion of the vibratory strain signal, the original amplifier that can only take positive inputs was replaced with a negative-preserving amplifier. The output of the amplifier is biased by a reference voltage V bias , which was 0.6 V and was generated from the supply voltage V D D using a voltage divider. Due to the biasing, the negative input is amplified and shifted to a positive value below the reference voltage. Secondly, the up-conversion frequency mixer was replaced with an impedance switching circuit so that only a single antenna is needed at the sensor node. The impedance switching circuit was implemented using a pseudo high-electron-mobility transistor (pHEMT); the drain terminal of the pHEMT is connected to the sensor antenna while its gate terminal is connected to the ground. The pHEMT source terminal is connected to a 50 resistor as well as to the output of a Voltage Controlled Oscillator (VCO). When the VCO output is low, the pHEMT source and drain terminals are connected, which connects the sensor antenna to the 50 resistor. When the VCO output is high, a reverse bias voltage is applied across the gate-source junction and thus "pinches off" the connection between the source and drain terminals. As a result, the sensor antenna is terminated by the open pHEMT switch. The antenna backscattering is therefore modulated by the VCO output. Since the VCO converts the amplified strain signal into an oscillator signal with a frequency f ε that is proportional to the strain signal, the strain information is encoded in the amplitude modulation of the antenna backscattering. It is worth noting that the amplitude modulation is achieved by altering the impedance loading of the antenna using the pHEMT switch. Therefore, the impedance matching between the antenna and the pHEMT switch is not critical as long as the control of the pHEMT state results in two different loading impedances for the antenna. As such, no impedance matching circuit was implemented for the pHEMT to simplify the circuit design and fabrication. Implementing the impedance matching circuit, however, may reduce the insertion loss of the wireless sensor node and thus may lead to longer interrogation distances.
The hardware implementation of the wireless vibration sensor is shown in Figure 2(b) . Individual circuit modules were first assembled in separate printed circuit boards (PCBs) and connected using electric wires to form the wireless sensor node. An Analog Device AD627 operational amplifier (OpAmp) was adopted for the amplifier implementation since it offers a convenient way to adjust the DC offset of the amplifier output. The gain of the amplifier is determined by the external gain resistor R G based on the equation given in the datasheet, i.e.
which results in R G = 2.1 k for an amplification gain of 100.2. A capacitor C x = 0.1 μF was used to suppress the undesired noise pick-ups from the excitation power supply. The relationship between the VCO input voltage V SG and the output frequency f ε can be expressed as [27] 
where f clk is the crystal frequency of the VCO circuit, which is specified to be 1 MHz, and V re f = 2.5 V is the reference voltage of the VCO. The pHEMT switch was implemented by fabricating microstrip traces on a high frequency substrate (Rogers Corporation RO4360) using a conventional PCB etching technique and installing the pHEMT using conductive epoxy. Three SMA connectors were mounted on the PCB for easy connections to the other circuit modules. The implementation of the Wheatstone bridge, the power management module, and the VCO circuits are similar to those described in [27] .
B. Wireless Interrogator-Dynamic Demodulation Circuit
The diagram of the wireless interrogator is illustrated in Figure 3 . The interrogation antenna broadcasts the interrogation f i and receives the amplitude modulated antenna backscattering f i ± f ε . A homodyne receiver, constructed with a frequency mixer, a Low Noise Amplifier (LNA), and a lowpass filter, demodulates the backscattered microwave signal and produces a sinusoidal signal with a frequency f ε . In order to extract the vibrational strain values, the frequency of this demodulated signal has to be determined at a sufficiently high speed, which is achieved by implementing a frequency counter using an Arduino Uno board. Since the frequency counter requires digital signal inputs, the demodulated sinusoidal signal has to be converted to a square wave having a peak amplitude of 5 V first. A sine-to-square wave converter using a NPN transistor and a supply voltage of 5 V was designed and implemented, as shown in Figure 4 (a) and 4(b). The threshold voltage V T H at which the output V out switches between 0 V to 5 V is set by the 10 k potentiometer R 1 , i.e.
where R 1down is the resistance between the base terminal and the ground of the transistor. If V in is higher than V T H , the NPN transistor operates in the "Saturation" mode; the high current flowing from the collector to the emitter results in a large voltage drop across R 3 and thus produces an output V out that is close to "0". On the other hand, if V in is lower than V T H , the NPN transistor operates in the "cut-off" mode. At the "cut-off" mode, there is no current following through R 3 and the output voltage V out is equal to the supply voltage. The sine-to-square wave converter was tested by supplying a 300 kHz sinusoidal wave with a 2 V peak to peak amplitude as the input signal. The input sinusoidal signal and the output square wave, both measured by an oscilloscope, are shown in Figure 4 (c). The output of the sine-to-square converter switched to 5 V when the input signal was smaller than 0.8 V and returned back to 0 V when the input signal was larger than 0.8 V. Clearly, the frequency of the input signal is preserved. The frequency counter was implemented using an Arduino Uno board and a free library downloaded from the LabIII website [28] . The square wave was input to a digital input pin of the Arduino Uno. The firmware counts the number of interrupts received within a fixed time and transmits the frequency of the input signal to a computer through the serial port. A MATLAB program in the computer can then read the frequency counts from the serial port and convert them to strain readings using the calibrated strain-frequency relationship. The frequency counter library limits the fixed time window to be no smaller than 10 ms. Therefore, the sampling rate of the frequency counter is limited to 100 Hz. To achieve a higher sampling rate, the 10 ms limitation on the fixed time window should be modified and a microprocessor with a fast clock may be needed.
IV. EXPERIMENTAL SETUP
The dynamic wireless strain sensing system was characterized by conducting static and dynamic tests on a cantilever beam. As shown in Figure 5 , an aluminum beam was instrumented with a 1 k strain gauge close to its fixed end. The strain gauge was connected to the sensor node circuit, highlighted by a red box, which was powered by a light-emitting-diode (LED) flash light placed at a distance of 40 cm from the solar cell. A chip antenna was used for receiving the interrogation signal and for re-radiating the modulated antenna backscattering. A dual-polarized antenna, serving as the interrogation antenna, was installed at a distance of 40 cm from the chip antenna. The wireless interrogator, framed by the green box, includes an radio frequency (RF) source, a homodyne receiver implemented on a PCB, and the dynamic demodulation circuits. Finally, a laptop receives the frequency measurements of the demodulated signal from the Arduino Uno board, converts the frequency measurements to strain values, and displays the measured strains on the monitor as a function of time. For comparison, the sensor node signals, i.e. the outputs of both the amplifier and the VCO, were collected simultaneously using a high-speed oscilloscope.
For static tests, calibrated weights ranging from 0 lb to 7 lb with an increment of 1 lb, were hung on the beam close to its free end. The cantilever beam was first installed with the strain gauge facing up so that the strain gauge experienced positive strain when a weight is added. Subsequently, to apply negative strains on the strain gauge, the cantilever beam was flipped with the strain gauge facing down. The theoretical bending strain ε experienced by the strain gauge can be calculated from the applied weight P according to the flexure formula, i.e.
where D is the distance between the load-applying point and the location of the strain gauge, h is the height of the beam, b is the width of the beam, and E is the Young's modulus of the beam material. P is positive when the strain gauge faces up and negative when the strain gauge faces down. Since the sampling rate of the frequency counter is limited to 100 Hz, a damping mass was added at the free end of the cantilever beam to reduce its natural frequency, which can be calculated as [29] :
where I is the beam's moment of inertia, ρ is the mass density of aluminum, L is the length of the beam and m damp is the weight of the damping mass. Using the parameters listed in Table I , the static bending strains were calculated from equation (4) to be ranging from −721 to 721 με with an increment of 103 με and the natural frequency of the beam was calculated to be 11.9 Hz from equation (5).
V. RESULTS AND ANALYSIS
A. Static Calibration Results
Due to the variations in the electronic component values, the designs of the amplifier and the VCO were verified first using static tests. First, the gain of the amplifier was characterized at different strain levels. Figure 6 compares the measured amplifier outputs and the amplifier outputs calculated based on the designed gain of the amplifier, the Wheatstone bridge equation [27] , and the static bending strains calculated using equation (4) . The actual gain of the amplifier was estimated to be 104.8 based on the measurements, which is slightly higher than the designed value of 100.2. This slight discrepancy is likely contributed by the tolerance of the resistor values in the amplifier circuit. Therefore, the measured gain of 104.8 was used for the rest of calculation.
Next, the relationship between the VCO input and the output frequency was calibrated and the results are shown in Figure 7 . The designed output frequencies were calculated from the measured outputs of the amplifier using equation (2) while the VCO output was acquired using an oscilloscope and its frequency was calculated using the built-in Fast Fourier Transformation (FFT) function of the oscilloscope. In order to fit the data properly using equation (2), the crystal frequency of the VCO circuit f clk was calibrated by shorting the VCO input and measuring the VCO output frequency. According to equation (2) , the output frequency at zero input represents 1/10 of the crystal frequency. The measured VCO output frequency at zero input was 101.1 kHz, which corresponds to a crystal clock frequency of 1.011 MHz. This value is very close to the specified frequency of 1.0 MHz of the crystal. Therefore, both the designed and measured curves shown in Figure 7 were fitted with an intersection of 101.1 kHz. The measurement data displayed a very good linearity (coefficient of determination R 2 = 0.998) but the measured voltage-frequency ratio is slightly lower than the theoretical one. This difference is because the reference voltage of the VCO chip was slightly higher than the designed value of 2.5 V. Multiplying the slopes of the curves in Figures 6 and 7 , we can calculate that the frequency-strain relationship of the sensor node, i.e. the frequency sensitivity, is (4.76e-5 V/με) * (3.22 kHz/V) = 15.3 Hz/με.
Finally, the wireless transmission of the VCO output is validated. Figure 8(a) compares the frequency of the oscillatory signal demodulated from the backscattered signals with the VCO output frequencies at different static strain levels. The demodulated frequencies matched very well with the VCO outputs. The differences between these two sets of measurements, normalized with respect to the respective VCO output frequencies, were less than ±0.1%, as shown in Figure 8(b) .
B. Dynamic Test Results
The dynamic strains measured from the free vibration of the cantilever beam with the damping mass are shown Figure 9 . The wireless strains were calculated by dividing the demodulated frequencies by the frequency sensitivity of the sensor node, i.e. 15.3 Hz/με while the wired strains were calculated from the amplified outputs of the Wheatstone bridge. Both the frequency and the amplitude are in good agreement between these two sets of data. The frequency spectra of the wired and wireless strains are compared in Figure 10 . The dominant frequencies of the wired and wireless strains are at 11.96 Hz and 11.94 Hz, respectively, which matched very well with the theoretical natural frequency.
C. Power Consumption Characterization
The power consumption for each sub-circuit of the wireless sensor node was measured during the static tests under both low (100 με) and high (750 με) strain values. As shown in Table II , the power consumption of the wireless sensor node is independent of the strain value and is around 10.6 mW.
VI. CONCLUSION
A strain gauge-enabled wireless sensor with a low power consumption of 10.6 mW is demonstrated for vibration measurements. By encoding the strain information into the frequency of an oscillatory signal, the strain information can be wirelessly transmitted via antenna backscattering. A dynamic demodulation unit was implemented in the wireless interrogator using a low cost microprocessor. The performance of the wireless strain sensor was characterized and its low power consumption was validated. In the future, simultaneous interrogation of multiple wireless strain sensors will be explored.
